Since avalanche gain and breakdown voltage in most semiconductor materials change with temperature, instruments utilizing Avalanche Photodiodes (APDs) for their avalanche gains need to incorporate either temperature stabilization or voltage adjustment in the APD operation circuits. In this work we evaluated the temperature and temporal stability of avalanche gain in Al 0.85 Ga 0.15 As 0.56 Sb 0.44 , a wide bandgap semiconductor lattice-matched to InP substrates. We investigated the temperature and temporal stability of the gain and breakdown voltage at temperatures of 24 °C (room temperature) to 80 °C. The breakdown voltage varies linearly with temperature with a temperature coefficient of 1.60 mV/K. The avalanche gain reduces from 10 to 8.5, a reduction of 15%, when the temperature increases from 24 to 80°C. The temporal stability of gain was recorded when the APD was biased to achieve an avalanche gain of 10. Fluctuations are within ± 0.7% at 24°C, increasing to ± 1.33% at 80°C. The temperature and temporal stability of avalanche gain indicates the potential of using Al 0.85 Ga 0.15 As 0.56 Sb 0.44 APDs grown on InP substrates to achieve high tolerance to temperature fluctuation. 
Introduction
Avalanche Photodiodes (APDs) are routinely used in optical detection systems, transforming weak optical signals into large photocurrents such that the signals are significantly larger than noise originating from electronics. The signal amplification is achieved by a mechanism called impact ionization. When a photo-generated electron (or hole) injected into a high electric field region accumulates sufficient energy from the electric field, it may trigger an impact ionization collision with atoms of the semiconductor material, producing a new electron-hole pairs. A series of such impact ionization events results in amplification of the signal, which is usually termed as avalanche gain or multiplication factor, M.
Ideally the electrons (or holes) gain energy from the electric field without encountering energy loss scattering collisions with phonons, so that subsequent impact ionization events occur soon after the original event. In reality, however, there exist a number of scattering mechanisms, which reduce and randomize the electron's energy. In semiconductors such as GaAs, the inter-and intra-valley phonon scatterings are dominant at high electric fields [1] . These phonon populations increase strongly with temperature, T, acting to regulate the population of hot electrons and holes with high likelihood to initiate impact ionization events. Consequently, the rate of impact ionization, the avalanche gain and the breakdown voltage, V bd , are usually strongly dependent on temperature [2] .
In practical terms, the temperature stability of APDs are often characterized by the temperature coefficients of M and V bd , defined as dM/dT and C bd = dV bd /dT, respectively. In addition to temperature stability, good temporal stability is required to yield a constant output signal for practical use in long haul telecom networks. In long haul optical networks, the low loss window at 1550 nm wavelength has been the driving force behind the use of InGaAsbased photodiodes and APDs. Current commercial APDs employ InGaAs absorption layer and an InP avalanche layer. In the past decade, InAlAs, which has a wider bandgap than InP, has attracted interest as an alternative avalanche material, because of its much smaller C bd than those of InP [3] , amongst its other advantages such as lower band-to-band tunnelling current than InP [4] and lower excess noise factor [5] . For example, a 100 nm thick InAlAs APD gives C bd of 2.5 mV/K compared to the 6 mV/K from an 130 nm thick InP APD [5] . InAlAs has also been employed in 1550 nm wavelength single photon avalanche diodes, whose V bd varies by < 0.2 V over a 30 K change in temperature [6] .
The benefits of using wider bandgap materials as avalanche layer have also been observed in Al 1-x Ga x As 0.56 Sb 0.44 (x = 0 to 0.15) grown lattice matched to InP substrates. Based on data obtained at 77 to 297 K, Al 1-x Ga x As 0.56 Sb 0.44 APDs with ~100 nm thick avalanche layers exhibit small C bd values of 0.86-1.08 mV/K, without signs of significant band-to-band tunnelling current [7] . These APDs also produce very low excess noise characteristics, with effective ionization coefficient ratios k eff of 0.05-0.1 [8, 9] . The Al 1-x Ga x As 0.56 Sb 0.44 APDs reported in [8] [9] [10] are superior to and distinct from earlier Al 1-x Ga x As 1-y Sb y APDs (x > 0.7 and y > 0.89), which are lattice-matched to GaSb substrates. The latter have narrower bandgaps (0.7-1.2 eV) [10] and much thicker avalanche layers (several microns) [11] , which gave higher excess noise k eff of 0.2 [12] and C bd ~30 mV/K in a 700 nm avalanche region [13] . Recently Al 0.7 In 0.3 As 0.3 Sb 0.7 APDs grown on GaSb substrate have also been reported with promising low noise [14] .
In this work, we report our experimental study on the Al 0.85 Ga 0.15 As 0.56 Sb 0.44 APDs (lattice-matched to InP substrates), focusing on the stability of avalanche gain at above room temperature, not previously covered by the temperature range used in ref [7] . Our study also covers temporal stability of avalanche gain, with comparison to commercial Si APDs.
Device fabrication and experimental details
The Al 0.85 Ga 0.15 As 0.56 Sb 0.44 APD sample used in this work was fabricated from a wafer grown by molecular beam epitaxy on an n + InP substrate. The wafer structure, shown schematically in Fig. 1(a Highly doped n-and p-In 0.47 Ga 0.53 As layers are included to facilitate good ohmic contacts for fabricated devices. Device fabrication using conventional UV-photolithography and wet chemical etching produced circular mesa diodes with optical windows, as shown in Fig. 1(b) . A citric acid solution and a diluted hydrochloric acid solution were used to etch the In 0.47 Ga 0.53 As layers and the Al 0.85 Ga 0.15 As 0.56 Sb 0.44 layers, respectively [15] . Ti/Au (20 nm/200 nm) contacts were deposited to form p and n ohmic contacts for the devices. Finally a negative photoresist SU-8 was deposited to protect the mesa sidewalls. There was no antireflection coating in the fabricated devices.
Most of the measurements were performed on APDs with diameters of 220 µm. Characterization of the devices began with dark current-voltage (I-V) measurements. APDs with low surface dark current and well-defined breakdown voltage were selected for subsequent avalanche gain, high temperature and temporal stability measurements. To measure avalanche gain, the device-under-test (DUT) was illuminated by a continuous-wave 633 nm wavelength He-Ne laser to generate photocurrent. Emission from the laser was mechanically chopped at 180 Hz, before being focused onto the optical window of the DUT. Using a commercial Si photodiode (BPX-65), it was verified that the laser power (46 µW) remained stable within ± 0.5% over typical duration of our measurements. A lock-in amplifier (model SR830) was used for phase-sensitive detection of the photocurrent, minimizing effects from device's dark current and background radiation. Care was taken to focus the light to the centre of the mesa diode to avoid absorption of light at the mesa sidewall. Measurements on diodes with diameters of 220 and 120 μm produced similar photocurrent and avalanche gain, confirming that the focused laser spot was smaller than 120 μm. Since the laser was confined to the center of the mesa diode, the measured avalanche gain was not affected by possible premature sidewall breakdown. Values of M versus reverse bias are given by the ratio of photocurrent data to the injected photocurrent. The latter as function of reverse bias was estimated by extrapolating values of photocurrent at low reverse bias (where no avalanche gain occurs) to higher reverse bias [16] .
For elevated temperature measurements, the APD was placed on a heated copper plate. The temperature was monitored using a thermocouple sensor and the current supply to the copper plate was controlled to achieve the desired temperature. Multiple sets of measurement taken indicated that temperature gradient between the copper plate and DUT was insignificant. A LabVIEW program was used to collect the photocurrent in DUT as a function of time for the temporal stability characterization at room and higher temperatures. The data collected included fluctuations due to laser or other equipment (if present). 
Results and discussion
Dark currents from 27 APDs with diameter of 220 μm are shown in Fig. 2 (a) . The spread in the dark current prior to breakdown indicates presence of surface leakage current. However all diodes breakdown at similar voltage values. Avalanche gain characteristics of four selected devices, namely APD-1, 2, 3 and 4, are plotted in Fig. 2 Small C bd values have also been reported for Al 0.6 Ga 0.4 As [18] and Al 0.52 In 0.48 P [19] . Dominance of alloy scattering has been proposed as the reason for small C bd in these materials. Analyzing the AlAs 0.56 Sb 0.44 alloy, ref [20] . found large difference in covalent radii of As and Sb, indicating a strong alloy disorder potential and hence a dominant alloy scattering that is temperature insensitive. Since the ratio of covalent radii between As and Sb atoms is identical for Al 1-x Ga x As 0.56 Sb 0.44 and AlAs 0.56 Sb 0.44 , we can also expect a small C bd for the Al 1-x Ga x As 0.56 Sb 0.44 alloys. In addition, C bd is small for thin APDs [20] , which operate at very high electric fields where carriers experience reduced phonon scattering events. Therefore, the Al 0.85 Ga 0.15 As 0.56 Sb 0.44 APD of this work combines dominant alloy scattering in the material and reduced phonon scattering at high electric field (~1000 kV/cm). These are two likely contributing factors for the small C bd values [21] . Using the gain data at 11.9 V from the four Al 0.85 Ga 0.15 As 0.56 Sb 0.44 APDs, a comparison is then made with performance of the two commercial Si APDs, as shown in Fig. 5 (a) . The data for the Si APDs were extracted from their data sheets [17] . As temperature increases, gain reduces in all six APDs, with much smaller reduction in the four Al 0.85 Ga 0.15 As 0.56 Sb 0.44 APDs than in the Si APDs. Based on linear fittings to the data, from 24 to 80 °C, M reduces by 15, 45, and 52% for the Al 0.85 Ga 0.15 As 0.56 Sb 0.44 APDs, the S5345 Si APD, and the S6045 Si APD, respectively.
With only a small reduction in gain, there is potential in simplifying the APD biasing circuit design, if using the Al 0.85 Ga 0.15 As 0.56 Sb 0.44 APDs. Since Al 0.85 Ga 0.15 As 0.56 Sb 0.44 is lattice-matched to InP substrates, it has the potential to replace InP or InAlAs as the avalanche material for APDs operating at infrared wavelengths up to 1600 (using InGaAs absorber) or 2300 nm (using InGaAs/GaAsSb Type II superlattice absorber [22] ). We also recorded the dark currents of the Al 0.85 Ga 0.15 As 0.56 Sb 0.44 APDs before and after the gain
